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<^ Abstract 
CN 

^ We study the implications for Two Higgs Doublet Models of the recent an- 

^ nouncement at the LHC giving a tantalizing hint for a Higgs boson of mass 125 

^T^ GeV decaying into two photons. We require that the experimental result be within 

_ ^ a factor of two of the theoretical Standard Model prediction, and analyze the type 

^ I and type II models as well as the lepton-specific and flipped models, subject to 

^ this requirement. It is assumed that there is no new physics other than two Higgs 

doublets. In all of the models, wc display the allowed region of parameter space 
taking the recent LHC announcement at face value, and we analyze the W^W~, 
ZZ, bb and r+r" expectations in these allowed regions. Throughout the entire 
range of parameter space allowed by the 77 constraint, the number of events for 
Higgs decays into WW, ZZ and bb are not changed from the Standard Model by 
more than a factor of two. In contrast, in the Lepton Specific model, decays to 
T+r" are very sensitive across the entire 77-allowed region. 
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One of the simplest extensions of the SM is the two-Higgs-doublet model (2HDM). 
Two Higgs doublets are required in supersymmetric models and axion models, and may 
be required to generate a sufficient baryon asymmetry. They provide new possibilities for 
spontaneous or explicit CP violation and have a very rich vacuum structure. An extensive 
review of 2HDMs has recently appeared [1], and the reader is referred to that article for 
details and references concerning these models. 

In order to suppress dangerous flavor-changing neutral currents, most 2HDMs impose 
a discrete symmetry. In the type I 2IIDM, all of the fermions couple to a single Higgs 
doublet, and do not couple to the second doublet. In the type II 2HDM, the Q = 2/3 
quarks and the charged leptons couple to one Higgs doublet, while the Q = —1/3 quarks 
couple to the other. The lepton-specific model is similar to type I, but the leptons couple 
to the other Higgs doublet, and in the flipped model, which is similar to type II, the 
leptons couple to the same doublet as the Q = 2/3 quarks. 

This article is motivated by the recent suggestions by the LHC [2113] that there might be 
a 125 GeV state decaying into two photons. In this article, we will discuss the implications 
of this result, if it holds up, for 2HDMs. We will assume no physics beyond 2HDM, so 
supersymmetric models will not be considered. 

There are two critical parameters in the 2HDM. The mixing angle a is the rotation 
angle which diagonalizes the neutral scalar mass matrix, and the angle /3 is defined as 

tan/3 = — , (1) 

Vl 

where Vi and V2 are the vacuum expectation values of the two scalar doublets. This 
rotation angle /3 diagonalizes the mass-squared matrices of the charged scalar fields and 
of the pseudoscalar fields. Note that v = {vf + f|)^''^, where v is the Standard Model vev. 
The two parameters a and /3 determine the interactions of the various Higgs fields with 
the vector bosons and (given the fermion masses) with the fermions; they are thus crucial 
in discussing phenomenology. As a byproduct of this work, we highlight the interest of 
plotting the various experimental constraints in the (tan /3, sin a) plane. 

In both the type I and type II models, the coupling of the light neutral Higgs h to the 
W and Z bosons is the same as in the Standard Model, multiplied by sin(Q; — /3) and the 
coupling of h to the top quark is given by cos a/ sin/3 times the Standard Model coupling. 
In the type I (type II) model, the coupling of the h to the bottom quark is cos a/ sin/3 
(—sin a/ cos/3) times the Standard Model coupling. Note that in the type II model, for 
large tan/3, the bottom quark Yukawa coupling can exceed that of the top quark. 

Although the review article [1] gave the branching ratios of the light Higgs into two 
photons in the various models, that is not sufficient to study the implications of the 
recent LHC results for 2HDMs. The number of events is proportional to the branching 
ratio times the Higgs production cross section. For the type I 2HDM, or the type II 
2HDM at small tan/3, the Higgs production cross section is that of the Standard Model 
times cos^a/ sin^ /3, since the primary production mechanism is gluon fusion through a 
top quark loop. For the type II 2HDM at large tan /3, bottom quark loops can contribute 
substantially. 

In assessing the implications of the recent LHC indications, we will assume that 
charged Higgs loop contributions to the branching ratio of /i — )■ 77 are negligible. This 
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could occur if the charged Higgs is fairly heavy, or if the scalar self-coupling between the 
charged and light neutral Higgs is small. Without this assumption, additional parameters 
would be needed. 
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Figure 1: For each of the four models discussed in the text, we plot the ratio 
the (tan /3, sin a) plane for the /i — )■ 77 signal. Along the red lines, the ratio is 1.0, along 
the blue lines, it is 0.5, and along the gold lines it is 2.0. Requiring that the signal be 
between half and twice that of the SM restricts the parameter space to be between the 
gold and blue lines. 



We begin with the type I model, 
the Standard Model is 

N2HDM 
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The branching ratio in the Standard Model is 0.00227 In Fig. la, we plot the ratio 
^n'sai ' (tan /3, sin a) plane. If one requires that this ratio be between 1/2 and 2, 

then one can see that a portion of the parameter space is excluded, especially in the 
positive a region. Notice that it is not possible to reach twice the Standard Model value 
in the context of type I models. 
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The type II model is quite different, especially at large tan j3, due to the enhancement 
of the bottom quark Yukawa coupling, which can affect both the production and decay 
of the Higgs. The production cross section for gg h was calculated with HIGLU [5]. 
In Fig. lb, the ratio ^ffj^^' in the (tan /3, sin a) plane is plotted. If one requires that the 
ratio be between 1/2 and 2, then much of the parameter space is excluded. The a = 
limit is often called fermiophobic, and /i — 77 was discussed in this limit in Ref. [6j. 

In the lepton-specific model, shown in Fig. Ic, one obtains results similar to those 
found in the type I model for fairly small tan /3, but for large tan /3 the tau contribution 
to the decay becomes substantial, increasing the total width and reducing the branching 
ratio into 77. This leads to a narrowing of the parameter space. The flipped model results 
are plotted in Fig. Id, implying constraints similar to those in the type II model. 

For a Higgs mass of 125 GeV, one can expect the LHC to detect the decay of the Higgs 
into W~^W~ and ZZ during the next year, and a few such events in the four lepton channel 
might have been seen. Would this improve on the 77 constraint in the (tan /3, sin a) plane? 
In Fig. 2, we have also plotted the ratio for h — )■ VV, where V = W, Z (the results 

for the ratio are the same for W and Z, for both models). We see that, in the allowed 
region of parameter space, the ratio does not vary by more than a factor of two. Note 
that the ratio is never much bigger than 1.0. So, a larger than expected ratio would 
rule out most 2HDMs. As a result, within the next year, information about this decay 
is unlikely to prove useful in further constraining the parameter space; but a substantial 
enhancement would imply physics beyond the 2HDM. 

We have also analyzed the decay into bb. For the type I model, in Fig. 3, one sees 
relatively little variation over much of parameter space. For the type II model, there is a 
much larger variation. However, if one restricts the parameter space to that allowed by 
the 77 signal, then the variation is fairly small. The same happens in the lepton-specific 
and flipped models. 
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Figure 2: For the type I and type II models discussed in the text, we plot the ratio ^^f^^^^' 
in the (tan /3, sin a) plane for h — VV , where V = W, Z. The result for the lepton-specific 
(flipped) models are very similar to those for type I (type II) models. Along the red lines, 
the ratio is 1.0, along the blue lines, it is 0.5, and along the gold lines it is 2.0. 
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Figure 3: For the type I and type II models discussed in the text, we plot the ratio ^^^^ 
in the (tan /3, sin a) plane for h — )■ hh. The result for the lepton-specific (flipped) models 
are very similar to those for type I (type II) models. Along the red lines, the ratio is 1.0, 
along the blue lines, it is 0.5, and along the gold lines it is 2.0. In the type I case, the 
ratio is less than 1.0 for virtually all of the parameter space. 



An interesting possibility is that the Higgs decay into t^t" could very well be detected 
more easily than the hh decay. For the type I, type II, and flipped models, the results 
are similar to the hh case. But for the lepton-specific model, t^t~ gives dramatically 
different constraints in the (tan /3, sin a) plane, as shown in Fig. 4. If one can limit the 
rate for h — )■ r+r~ down to less than twice the SM rate, then the parameter space will 
be much more severely restricted than implied by other processes. The best indication 
of the lepton-specific model would be an enhancement in /i ^ t^t~ . The first discussion 
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Figure 4: For lepton-specific model, we plot the ratio ^ffj^ in the (tan /3, sin a) plane for 
h — )■ r+r". Along the red lines, the ratio is 1.0, along the blue lines, it is 0.5, and along 
the gold lines it is 2.0. 
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of a potentially large enhancement of h ^ t^t in the lepton-specific model appeared in 
Ref. 

If one of the 2HDMs is correct, then the LHC evidence for a Higgs boson decaying 
into 77 restricts the parameter space of the model. For the type I model, the restriction 
is mild, but for the type II model it is quite severe. In either case, throughout the entire 
range of parameter space, the rate for Higgs decays into WW, ZZ and bb are not changed 
from the Standard Model by more than a factor of two. This means that constraints from 
these channels on the 2HDMs will only become useful once precision results are obtained. 
In contrast, in the Lepton Specific model, decays to r+r^ are very sensitive across the 
entire 77-allowed region. 
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